A hexagonally arrayed 37-pin wire-wrapped rod bundle has been chosen to provide the experimental data of the pressure loss and flow rate in subchannels for validating subchannel analysis codes for the sodium-cooled fast reactor core thermal/hydraulic design.
Introduction
The sodium-cooled fast reactor (SFR) is a nuclear reactor which uses liquid sodium as a coolant for the heat removal of uraniumezircalloy metal fuel. This type of reactor has distinct benefits including easier operation and maintenance, as well as better inherent safety, than the pressurized water reactor because of atmospheric pressure operation. Furthermore, this reactor has a higher thermal efficiency (~40%) than that of the pressurized water reactor due to the higher boiling temperature (883 C) of liquid sodium compared to water.
The Korea Atomic Energy Research Institute has conducted a conceptual design of a fourth-generation SFR and is now proceeding further to carry out experimental work for the thermal/hydraulic design verification. The building of a prototype generation-IV SFR (PGSFR) is planned according to a milestone of the final goal of constructing the prototype plant by 2028 under the program of mid-and long-term projects of the Korean atomic authority.
This PGSFR has an electric power capacity of 150 MWe. The number of fuel assemblies is 133 in the reactor and each hexagonal core assembly has 271 fuel pins. The fuel pins are packed in a hexagonal duct as a fuel assembly and spaced with wire wrapped around their surface. The pins have a pin diameter of 7.4 mm, wire diameter of 0.93 mm, and pin length of 3,400 mm. The rod pitch, the assembly pitch, and the wrapped wire pitch (lead) are 8.33 mm, 150 mm, and 204.9 mm, respectively.
It is important to understand the flow characteristics in subchannels of wire-wrapped rod bundle geometry through experimental investigations, to estimate the calculation uncertainties of the subchannel analysis code, and to insure the confidence of the thermal/hydraulic correlations [1] .
One of the most influential parameters on the uncertainty of the subchannel analysis is the friction coefficient, which is related to the flow distribution in a reactor subchannel. The eventual purpose of a thermal fluidic design considering this parameter is to guarantee the fuel cladding integrity as a design limit parameter.
There have been many theoretical and experimental works examining the flow features and thermal mixing in a wirewrapped rod bundle. One of the earlier works was performed by Ginsberg [2] , who presented a forced-flow interchannel mixing model applicable to a liquid metal fast breeder reactor fuel assembly containing a helical-wire spacer. The model was incorporated into COBRA-II [15] , which is a lumped-parameter computer code for core thermal fluidic safety.
Khan et al. [3] suggested a porous body model to predict the coolant temperature distributions in wire-wrapped assemblies operating in forced convection and later extended his model to combined forced and free convection applications [4] with a modified Grashof number.
Lorenz and Ginsberg [5] conducted an experimental work for establishing a database of mixing and flow distribution in a 91-pin wire-wrapped fuel assembly. They employed an electrolytic tracer for mixing measurements and an iso-kinetic sampling technique for sampling the flow measurements.
Rehme and Trippe [6] provided a set of experimental data and correlations of the pressure drop of laminar and turbulent flow through a triangular arrayed rod bundle with spacer grids. Detailed flow profiles upstream of the spacer grid were also examined. For a wire-wrapped rod bundle, Rehme [7] suggested a friction factor model and this model is still recommended [8] to predict or estimate the pressure drop in wire-wrapped bundles for all reactor types.
Cheng [9] presented constitutive correlations for the analysis of a wire-wrapped rod assembly through a series of hydrodynamic experiments with a 37-pin wire-wrapped rod bundle. An iso-kinetic extraction method for measuring the subchannel velocity, a pitot-static probe for measuring pressure drop, and a salt tracer injection method for estimating the interchannel mixing were used in these experiments.
Cheng and Todreas [10] suggested consistent hydrodynamic models for subchannel friction factors and mixing parameters in wire-wrapped rod bundles for use in subchannel analysis codes. All flow regimes and the geometric effects in a hexagonal fuel assembly are taken into account by these models.
Recently, Chen et al. [11] evaluated the existing wirewrapped fuel bundle friction factor correlations to identify their comparative fit to the available pressure drop experimental data. Eighty selected bundle pressure drop datasets were used to estimate the correlations of the goodness in fit of the data according to the three criteria, i.e., the prediction error distribution, agreement index, and credit score which had been established by the authors. Five published correlations (those by Rehme, Baxi and Dalle Donne, detailed Cheng and Todreas, simplified Cheng and Todreas, and Kirillov) [11] were investigated at applicable conditions such as the flow regimes and bundle types.
At the moment, an experimental program has been undertaken to quantify these friction and mixing parameters that characterize the flow distribution in the subchannels, and a wire-wrapped 37-pin rod assembly and its hexagonal test rig have been designed and fabricated.
This experimental work presents the hydrodynamic results for the pressure drop and the flow distribution in the subchannels of a 37-pin wire wrapped rod bundle which was fabricated based on the geometric and the hydrodynamic similitudes of the PGSFR. The current experimental data will be utilized to estimate the accuracy of the subchannel analysis code and the uncertainties of the thermal hydraulic models.
2.
Materials and methods
Test specifications
Generally, an experimental facility for flow distribution such as a downscaled reactor should be designed by considering the geometric similarity and the flow dynamic similarity to preserve the hydraulic characteristics of the prototype reactor. On this basis, four dimensionless variables are derived from the principal physical parameters such as P, V, r, n, L, D H , and ε in the flow system [12] : ).
The first three variables, i.e., the aspect ratio, the relative surface roughness, and the Reynolds number are the independent variables and the Euler number is the dependent variable.
To conserve the geometric similarity in this experiment, the aspect ratio and the relative surface roughness have been satisfied by maintaining the configuration and the dimensions N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 3 7 6 e3 8 5 of the rod and the wrapped wire between the test assembly and the PGSFR. The sizes of the rod and the wire were selected as the nearest commercial equivalent to the PGSFR specifications.
Accordingly, two pitch ratios, i.e., P/D and L/D which are the influencing parameters on the flow feature in subchannels have been kept identical, as shown in Table 1 .
Due to the height limitation of the laboratory, the length of the test assembly is limited to 1,500 mm, which is still enough to establish the redistributed and the developed flow at the upper region of the test assembly.
Related to the dynamic similarity, the Reynolds number was kept identical between the test assembly and the PGSFR to preserve the characteristics of turbulent flow in the subchannels. Consequently, the flow rate of the water coolant at the test loop was set at 5.49 kg/s under a system pressure of 4 bar and temperature of 60 C which is equivalent to Rẽ 37,100 at the bundle flow region. The number of rods in the test assembly was chosen to be 37 [9] reduced from the 271-pin fuel assembly of the PGSFR. The FIFFA test facility comprises a 37-pin wire wrapped fuel assembly in the test rig and the test loop, which is called cold test loop-II (CTL-II). The CTL-II loop basically consists of a water storage tank, a circulation pump, and the test rig for the hydraulic test of various types of fuel assemblies under conditions below 90 C and 10 bar with water. Fig. 1 shows a schematic of the FIFFA test facility which incorporates the test rig and CTL-II loop.
The test rig consists of a lower and an upper plenum including nozzles, a hexagonal housing containing a 37-pin wire-wrapped rod bundle, and a probe traversing for isokinetic sampling at the top of the test rig. The lower plenum has four inlets of the flow at the body, and a honeycomb is placed inside to stabilize the flow at the plenum exit. The six instrument tubes from the rod bundle penetrate the bottom flange of the lower plenum and are connected to the pressure transmitters.
The hexagonal housing contains a 1,500-mm-long 37-pin rod assembly and has pressure taps to measure the wall pressure drop. The upper plenum also has four outlets at the body similar to the lower plenum. The iso-kinetic sampling probe is installed at the top flange of the upper plenum as shown in Fig. 1. 
Thirty-seven-pin test fuel assembly
The number of rods in the test fuel assembly was chosen to be 37 for the measurement of the flow distribution in the subchannels of a hexagonal wire wrapped rod bundle. The diameters of the rod and the wrapped wire are 8.0 mm and 1.0 mm, respectively, and the lead length of the wrapped wire is 221.5 mm.
These 37 rods were packed tightly forming triangular subchannels in a hexagonal housing. The diagonal of the hexagonal housing was determined as 66 mm (vertex to vertex) considering the þ0.7% allowance for a 37-pin assemblage in a duct. Therefore, the rod pitch and the wall pitch are formed as 9.05 mm and 5.06 mm, respectively. The configuration of the 37-pin test assembly is shown in Fig. 2 .
The bottom ends of the 37 pins are fixed at the inlet, i.e., the bottom of the hexagonal housing duct, by seven grid pins, while the top ends of the pins are free at the exit, i.e., the top of the hexagonal duct where the subchannel flow rates are measured. Therefore, the locations of the unfixed free rod ends can be slightly altered by being spread or biased in a hexagonal duct, differently from the ideal configuration of Fig. 2 .
Three pins, i.e., 5, 11, and 36, are for the measurement of the pressure drops at the axial three-lead length (664.5 mm) in the subchannels and the pressure taps are fabricated to penetrate the surface of the rod perpendicularly as shown in Fig. 3 . Instrument tubes for the pressure measurement through the inside of the rod tubes are guided outside at the bottom flange and connected to the differential pressure transmitters.
Iso-kinetic sampling method
Iso-kinetic sampling is a measurement method for the flow rate of an arbitrary single subchannel of a rod bundle. As for the traditional iso-kinetic sampling method, Lorenz and Ginsberg [5] applied a 50.8-mm-height rod arrayed flow divider. A sampling device is inserted at a specified subchannel and measures the sampling flow rate under isokinetic conditions.
Cheng [9] used simple devices such as triangular and rectangular tubes for sampling the flow rates at the interior and edge subchannels, respectively. The sampling devices are apart from the top of the bundle to ensure the stabilized flow after exiting the fluctuating region from the rod ends.
The sampling probe should be designed to extract the flow of a single subchannel exactly at the exit of the rod bundle. For this purpose, the cross-section of the entrance of the Re number ( -) 3.71 Â 10 4 PGSFR, Prototype Generation-IV sodium-cooled fast reactor.
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sampling probe should coincide with the cross-section of the subchannel being measured. Therefore, three kinds of sampling probe are necessary according to the kinds of subchannel in a rod bundle, i.e., interior, edge, and corner subchannel.
A difficulty occurs at the time of positioning the sampling probe at the exit of the subchannel being measured, where the pressure distribution is changed at the measured subchannel compared with the neighbor subchannels because of the existence of the sampling probe itself.
The solution is to adjust the exit pressure of the subchannel being measured (or the entrance pressure of the sampling probe) by controlling the sampling flow rate so as to coincide with the exit pressure of the neighbor subchannels. Fig. 4 shows the application of the iso-kinetic sampling probe, which was designed to preserve the cross-sectional Test rig
Iso-kinetic sampling probe Fig. 1 e Schematic of the flow identification test loop for fast reactor fuel assembly test facility. DP, differential pressure transmitter; FM, mass flow meter, PT, pressure transmitter; TF, thermocouple. Fig. 2 e Configuration of the 37-pin test assembly. Delta-P measurements: Pin # 5, 11, 36. 
flow area at every type of subchannel. Thus, the crosssectional shape of the probe tip which is bounded by rods and thin plates is identical to the sampling subchannel.
The three kinds of sampling probe have pressure-sensing holes 1.5 mm upward from the probe end. For each kind of probe, one inward directed sensing hole is for the static pressure measurement at the sampling subchannel, and the other outward directed sensing holes are for the neighboring subchannels. The iso-kinetic condition is considered to be established from the same static pressure (DP iso-k~0 ) as expressed in Eq. (1) between the sampling subchannel and the neighboring subchannels by controlling the sampling flow rate.
In actual experiments, the iso-kinetic conditions were considered to be established from a value of DP iso-k of less than 0.2 kPa which was experimentally chosen.
The sampling probe was installed vertically on top of the rod bundle and can be moved laterally to any specified subchannel in section A-A. The flexible bellows was adopted to provide the flexibility to move the sampling probe in the lateral and axial directions. Fig. 5 shows the experimental setup of the pressure drop and flow measurement in the subchannels for a wire-wrapped 37-pin rod bundle. A motorized three-dimensional traversing system is adopted to move the iso-kinetic sampling probe accurately to any specified subchannel on top of the 37-pin rod bundle.
Experimental setup
A cylindrical view window is inserted at the region of the flow sampling of the subchannels for monitoring the accurate probe alignment on the sampling subchannel.
The sampling line from the probe is connected to the flow control valve and the mass flow meter (FM-02) to measure the flow rate of the sampling subchannel.
The pressure sensing lines of the sampling and neighboring subchannels are guided outside and connected to the pressure transmitter (DP-IK-01) for monitoring of the isokinetic condition.
The pressure sensing lines for the measurement of the pressure drop in the subchannels are guided outside through the lower plenum and also connected to the pressure transmitters.
A data acquisition system (Hewlett Packard 34970A) was adopted to obtain the experimental data for the pressure loss and the flow distribution in the subchannels as well as to Fig. 3 e Details of the special pin for the measurement of differential pressure. Fig. 4 e Installation of iso-kinetic sampling probe and its types. 
monitor and control the loop operating conditions, i.e., the main flow rate, the loop temperature, and the system pressure.
There are two sources of experimental uncertainty for the measurements of the pressure loss and the sampling flow rate in the subchannels: systematic uncertainty and random uncertainty.
The systematic uncertainty of the differential pressure measurements for the pressure loss in the subchannels includes the uncertainties caused by the elemental sources such as the differential pressure transmitter and the data acquisition system.
The systematic uncertainty of the sampling flow measurements in the subchannels also contains several sources of elemental systematic uncertainty: misalignment of the sampling probe, pressure imbalance between the sampling and the neighbouring subchannels, a differential pressure transmitter, and the data acquisition system.
The random uncertainties have been estimated for measurements of the pressure loss and the sampling flow in subchannels with the condition of more than 120 samples for at least 2 minutes.
From the two estimated components of the uncertainty, the total uncertainties were estimated as 0.27% for the measurements of the pressure drop and 2.75% for the measurements of the sampling flow in the subchannels.
Results
The loop operating conditions were maintained with the specified experimental conditions during the hydrodynamic tests. The inlet temperature of the test rig was sustained at a constant 60 C using the heater and cooler in the water storage tank. The specified main flow rate of 20% to 115% of the nominal flow rate (5.49 kg/s) was preserved by keeping a constant speed of the circulation pump. The system pressure at the inlet of the test rig was also stably maintained at a range of roughly 0.2 MPa to 0.5 MPa according to the main flow rate. These loop operating conditions consequently gave steady experimental data of the pressure drop and sampling flow rate in the subchannels at the test rig. Prior to the execution of the main experiments, it was needed to verify the design of the fabricated test assembly and the adoption of instruments through CFD analysis. The CFD analysis for a nominal flow condition (5.49 kg/s, 60 C)
has been conducted for the cases of a test rig including a 37-pin test assembly with and without an iso-kinetic sampling probe on top of a rod bundle to judge whether the inserted sampling probe causes flow change. The appropriateness of the loop design and the working ranges of instruments have been also confirmed from the CFD analysis result. N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 3 7 6 e3 8 5
The analysis tool used was a commercial CFD code called STAR-CCMþ [16] . Anisotropic k-ε models are generally known as proper turbulence models for solving the problem of internal flow of a complicated geometry. In this work, the cubic k-ε model has been adopted, since the cubic k-ε model has better capability for estimating the rod bundle flow as well as the U-bend flow than others [13] .
Sensitivity analysis has been also conducted for the optimum mesh generation for this test assembly. Tests have been performed with five cases of mesh size for a 1/6 part of the test assembly. Fig. 6 shows the brief results of the optimum mesh generation and the mesh convergence for this CFD analysis.
Finally, a complete test rig with a 37-pin rod bundle including the upper plenum, lower plenum, and iso-kinetic probe has been modelled with 45 million computational cells for an accurate and effective calculation, and the anisotropic cubic k-ε model has been used for the turbulence model.
It has been confirmed that the test facility and the instrumentation were properly designed and adopted, and exhibited the expected thermal/hydraulic capability. It has also been ensured that the sampling probe on top of the rod bundle caused no flow changes in subchannels of the test assembly. The CFD result was also utilized for a comparison of the correlations for the friction factor and the pressure drop with the experimental data. Fig. 7 illustrates the top cross-section of the installed 37-pin test bundle which shows four concentric flow passages indicated by dotted rings. The locations and identification numbers of the measured subchannels for the pressure loss and the sampling flow rate are indicated. The pressure loss in the subchannels for the axial flow distance between two pressure taps, i.e., three-lead length, has been measured at Subchannels 3, 31, 71, and 65 from the fabricated pressure sensing holes at Pins 5, 11, 36, and at the housing wall, respectively. The iso-kinetic sampling flow rates have been measured at 42 subchannels, locations, and identification numbers of which are described in Fig. 7 . All corner and edge subchannels have been measured on a 37-pin rod bundle. Eighteen interior subchannels have been measured at symmetrically selected locations as shown in Fig. 7. 
Pressure loss in subchannels
The pressure loss in the subchannels has been measured for the axial flow distance between two pressure taps, i.e., threelead length (664.5 mm) at Subchannels 3, 31, 71, and 65, as described in Fig. 7 . The tested flow conditions were 20% to 115% of the nominal flow rate (5.49 kg/s), where the Reynolds numbers based on the interior subchannel were apparently in the turbulence regime.
The pressure losses in all measured subchannels were revealed to be almost identical regardless of whether the subchannel locations were under the same flow condition as shown in Fig. 8 . The data of Subchannel 3 was not included in this figure because of the fabrication defect of the pressure sensing hole at Pin 5. Fig. 6 e Sensitivity analysis of the mesh convergence and the optimum mesh generation. 9 demonstrates the friction factor based on the bundle hydraulic diameter versus Reynolds number and also shows almost the same values for the friction factor at all measured subchannels at the same flow condition. The measured data are compared with three published correlations, i.e., Novendstern [14] , Rehme [7] , and ChengeTodreas detailed (CTD) [10] , in Figs. 8 and 9. These friction factor correlations, which are summarized in Table 2 , were available for this experimental condition, i.e., the turbulence flow regime and geometric conditions as shown in Table 1 .
The CTD correlation was the best fit for the experimental data. Novendstern [14] was well agreed at the high Re region, while the Rehme correlation [7] just coincided at the low Re region. These facts reasonably follow Chen's argument [11] for the evaluation of correlations which discusses that the best fit correlations in descending order are CTD, Novendstern, and Rehme in the turbulence regime. The CFD analysis shows the result under-predicted.
3.2.
Flow distribution in a 37-pin rod bundle
Measurements of the sampling flow rate for each type of subchannel were performed under the iso-kinetic condition.
For the inner subchannels of the test assembly, eighteen interior subchannels were selected considering the geometrical symmetry as described in Fig. 7 , and the sampling flow rates were measured using the interior sampling probe shown in Fig. 4 . The flow conditions were 20% to 115% of the nominal flow rate (5.49 kg/s) and 60 C at the inlet of the test rig. Fig. 10 shows the sampling flow rates in the interior subchannels at measured locations in a 37-pin rod bundle. The deviations of the flow rate at measured interior subchannels are roughly 10% of the averaged values for the full range of the main flow rate. These are true when considering the biased locations of rods in a hexagonal duct caused by the 0.7% assemblage allowance of the test assembly as mentioned in Section 2.2.2. The actual area of subchannels which affect their subchannel flow rates could be slightly different each by each from the ideal configuration of the subchannel flow area because of the 0.7% diagonally spatial allowance of the hexagonal duct for easiness of the test bundle assemblage. Even so, the averaged flow rates in subchannels increase linearly as the main flow rate increases. For the outer subchannels, i.e., the edge and corner subchannels, all subchannels (18 edge and 6 corner subchannels) were measured in a 37-pin rod bundle. Specific sampling probes were used for the measurements of the edge and the corner subchannels (Fig. 4) . The flow conditions were a nominal flow rate of 5.49 kg/s and 60 C at the inlet of the test rig.
Including the results of the interior subchannels, Fig. 11 shows the sampling flow rates at the nominal flow rate for all types of subchannels at 42 locations in a 37-pin rod bundle. The flow rates at the edge subchannels were higher than those at the interior subchannels because of the larger flow area at the edge subchannel which consists of two wire wrapped rods and the flat wall. The lowest flow rates occurred at the corner subchannels and were caused by the smallest flow area.
Novendstern [14] and detailed CTD [10] correlations were assessed using the measured sampling flow rates at the subchannels. These correlations agreed well with the experimental data at the interior subchannels, while they overpredicted the flow rate at the edge subchannels by 8.7% to 14.4%. These correlations slightly under-predicted the flow rate at the corner subchannels. Fig. 9 e Comparison of the experimental data and predictions of bundle friction factors. CFD, computational fluid dynamics; CTD, ChengeTodreas; SC, subchannel. Fig. 10 e Sampling flow rates at interior subchannels.
The CFD results for the flow distribution in a rod bundle reasonably agreed with the experimental data, but are generally larger than the experimental results. This is basically reasonable when considering the evaluation of the mass balance for both results, which show 102.2% of total flow rate for the CFD analysis and 96.5% for the experiment.
In particular, the flow rate differences between the CFD results and the experimental data for the peripheral flow rates, i.e., the flow rates at the edge and the corner subchannels are relatively large compared to the flow rate differences for the flow rates at the interior subchannels. This might be caused in an actual experimental condition by the reduction of the flow area of the peripheral subchannels, i.e., the edge subchannels and the corner subchannels, where these subchannels are shaped by the confined wall of the hexagonal duct and the unfixed rods while the interior subchannels are formed by three unfixed rods.
The 37-unfixed rods at the top region in a hexagonal duct are naturally spread out radially within the hexagonal conduit that has 0.7% spatial allowance for assemblage. The CFD analysis has been performed for an ideal configuration of the test assembly which means not consider the spread out of the rods in an actual configuration of the test assembly.
The flow split factor is defined as the ratio of the averaged flow velocity at the local subchannel and the total averaged flow velocity of a rod bundle as expressed in Eq. (2).
where i ¼ 1: interior, 2: edge, 3: corner subchannel. The flow split factors were estimated from the measured flow rates at the local subchannels. The flow area in each local subchannel (A i ) was evaluated by considering the wrapping wire. The total flow area of a 37-pin rod bundle (A T ) accounted for 0.7% of the looseness. The distribution of the flow split factors is shown in Fig. 12 .
The distribution of the flow split factors in Fig. 12 demonstrates the specific features according to the type of subchannel. The split factors at the edge subchannels are generally higher than 1.0, which means that the average flow velocities in the edge subchannels are higher than the bundle averaged flow velocity. However, the split factors at the corner subchannels are less than 1.0, which implies the average flow velocities in the corner subchannels are lower than the bundle averaged flow velocity. These features are caused by the differences of the flow area and frictional resistance according to the types of subchannel. The averaged split factors for each type of subchannel are summarized in Table 3 with the predicted correlations and a CFD analysis.
Discussion
A hexagonally arrayed 37-pin wire wrapped rod bundle was designed and fabricated based on the reference specifications for a next-generation SFR reactor to provide hydrodynamic experimental data for verifying the analysis capability of the subchannel analysis codes for the SFR core thermal fluidic design. Fig. 11 e Subchannel flow distribution in a 37-pin rod bundle at nominal flow condition (5.49 kg/s). CFD, computational fluid dynamics; CTD, ChengeTodreas; SC, subchannel. Fig. 12 e Distribution of the flow split factors of a 37-pin rod bundle based on this experimental data. N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 3 7 6 e3 8 5
Iso-kinetic flow sampling was adopted to measure the flow rate at three types of subchannels, and newly designed sampling probes, which preserve the flow area of specific subchannels were developed. All of the edge and corner type subchannels, as well as 18 symmetrically selected interior subchannels were measured to identify the characteristics of the flow distribution of a rod bundle.
Pressure drops at the interior and edge subchannels were also measured to recognize the frictional losses of each type of subchannel.
Most measurements were performed under experimental conditions of 20% to 115% of a nominal flow rate of 5.49 kg/s and at 60 C (equivalent to Re~37,100) at the inlet of the test rig.
The pressure loss data in three measured subchannels were almost identical regardless of the subchannel locations under the same flow condition. The prediction by the CTD correlation was the best fit for the experimental data.
The flow rates at the edge subchannels were higher than those at the interior subchannels because of the larger flow area, whereas the lowest flow rates occurred at the corner subchannels owing to the smallest flow area. The flow split factors were obtained from the measured sampling flow rates, and show a reasonable order of averaged values for each subchannel type, where X 2 > X 1 > X 3 (X 2 > 1 and X 1 , X 3 < 1).
The flow predictions of the correlations [10, 14] and CFD results agreed well with the experimental data at the interior and corner subchannels, but were slightly higher at the edge subchannels.
The measured pressure drop and flow distribution data at the subchannels will contribute to the validation and uncertainty quantification of the model, and the subchannel analysis codes for core thermal fluidic safety analysis.
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